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INTRODUCTION 

Water contamination has intensified over past 
century as a consequence of rapid industrializa-
tion and population growth [Kishor et al., 2021]. 
A major contributor to this problem is discharge of 
untreated industrial effluents containing synthetic 
dyes into aquatic ecosystems [Rahi et al., 2019]. 
These compounds are persistent, chemically sta-
ble, and often toxic, posing serious risks to aquat-
ic organisms, environmental balance, and human 
health through potential entry into food chain 
[Chowdhary et al., 2020; Olisah et al., 2021].

Among synthetic dyes, azo dyes represent 
largest and most widely used class in textile in-
dustry due to their chemical stability and strong 
coloration properties [Ioannis et al., 2019]. How-
ever, their structural resistance to heat, light, and 

biodegradation makes them particularly difficult 
to remove using conventional treatment methods 
[Dineo et al., 2024]. Reactive red 120 (RR120), 
a widely applied water-soluble azo dye, has been 
reported to induce oxidative stress, cytotoxicity, 
and genotoxic effects in aquatic organisms. Such 
findings highlight urgent need for efficient and 
environmentally sustainable treatment strategies 
[Rania et al., 2022; Abdulrahman et al., 2021].

Conventional physicochemical treatment tech-
nologies are often costly, energy-intensive, and 
may generate secondary pollutants [Atiya et al., 
2020]. In this context, enzyme-based biocatalytic 
systems have emerged as promising alternatives 
due to their high specificity, catalytic efficiency, 
and environmentally benign nature [Bilal et al., 
2016]. Among oxidative enzymes, peroxidase (EC 
1.11.1.7) has attracted considerable attention for 
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its ability to degrade a broad spectrum of phenolic 
and dye contaminants [Chiong et al., 2016].

Despite their catalytic potential, free enzymes 
suffer from limited operational stability, sensi-
tivity to environmental conditions, and lack of 
reusability, which restricts their industrial appli-
cation [Krainer and, Glieder 2015]. Enzyme im-
mobilization is widely recognized as an effective 
strategy to overcome these limitations by enhanc-
ing stability, facilitating recovery, and enabling 
continuous processing [Maghraby et al., 2023]. 
Covalent immobilization, in particular, provides 
strong enzyme–support interactions, reduces en-
zyme leaching, and improves resistance to harsh 
physicochemical conditions [Jun et al., 2019].

Selection of an appropriate support material 
is crucial for maintaining catalytic activity while 
minimizing mass transfer limitations [Mohamad 
et al., 2015]. Inorganic supports offer mechani-
cal strength, chemical stability, and suitability 
for continuous reactor configurations [Yang et 
al., 2022]. At same time, exploration of low-cost 
and renewable enzyme sources is essential for 
improving economic feasibility of biocatalytic 
wastewater treatment [Aziz et al., 2023].

Therefore, present study aims to develop a 
sustainable and cost-effective system for degrada-
tion of reactive red 120 using peroxidase extract-
ed from discarded cabbage stems as a renewable 
enzyme source. Enzyme was immobilized onto 
quartz particles via covalent bonding to enhance 
operational stability and enable application in a 
packed-bed continuous reactor. Effects of pH, 
temperature, and reusability on catalytic perfor-
mance were evaluated to assess feasibility of this 
approach for wastewater treatment applications.

MATERIALS AND METHODS 

Substances and chemicals 

Cabbage stems (Brassica oleracea var.) were 
collected from restaurant waste and used as a source 
of peroxidase. Potassium phosphate, sodium ace-
tate, Tris-HCl, hydrogen peroxide (H₂O₂), pyrogal-
lol, glutaraldehyde, and 3-aminopropyltriethoxysi-
lane (APTES) were obtained from Sigma-Aldrich 
(USA) and used without further purification.

Reactive ted 120 (RR120), a triazine-based 
azo dye widely applied in textile industry, was sup-
plied by a local textile facility (manufactured in 
Switzerland). Table 1 shows some characteristics 

and textile dye’s chemical composition of textile 
dye employed in this investigation. A stock solu-
tion (1000 mg/L) was prepared by dissolving 1 g 
of dye in distilled water and diluting to 1 L. Work-
ing solutions were prepared by appropriate dilu-
tion [Sevtap, 2025]. Calibration standards (0–100 
mg/L) were analyzed at 536 nm. 

Quartz rock (QR) was used as an inorganic 
support for enzyme immobilization. Material was 
crushed, sieved to obtain particles of 0.85–1.0 
mm (mesh 20), washed thoroughly with distilled 
water, and dried at 80 °C for 3 h prior to use 
shown in Figure 1.

Peroxidase extracted from cabbage stems was 
covalently immobilized onto quartz particles us-
ing silanization and glutaraldehyde crosslinking. 
Immobilized biocatalyst was subsequently ap-
plied for degradation of RR120 in batch and con-
tinuous systems.

Methods

Peroxidase was extracted from discarded cab-
bage stems (Brassica oleracea var.). Fresh stems 
(75 g) were washed, chopped, and homogenized 
in 375 mL of 0.2 M phosphate buffer (pH 6.0) for 
25 min. Homogenate was filtered through two lay-
ers of sterile cheesecloth and centrifuged at 8000 
rpm for 15 min. Resulting supernatant was further 
clarified by filtration through filter paper and col-
lected as crude cabbage stem peroxidase (CSP). 
Extract was stored at 4–8 °C until further use.

Peroxidase activity was determined spectro-
photometrically using pyrogallol as a substrate 
in presence of hydrogen peroxide. Enzymatic 
oxidation of pyrogallol produces purpurogallin, 
which was monitored at 420 nm (ε = 4400 M⁻¹ 
cm⁻¹) at 25 °C.

Table 1. Textile dye’s chemical composition

Dye Reactive Red 120

Molecular formula C₄₄H₃₀Cl₂N₁₄O₂₀S₆

Molecular weight 1338.1 g/mol

Water solubility at 20 °C 60–70 (g/L)

Cas (chemical abstracts service) 61951-82-4

Chemical structure
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Reaction mixture (3.6 mL total volume) con-
sisted of 1.5 mL phosphate buffer (pH 6.0), 1.4 
mL pyrogallol solution (50 mM), 0.4 mL H₂O₂ 
solution (25 mM), and 0.3 mL enzyme extract. In-
crease in absorbance at 420 nm was recorded at 1 
min intervals using a UV–Vis spectrophotometer.

One unit (U) of peroxidase activity was de-
fined as amount of enzyme catalyzing oxidation 
of 1 µmol of H₂O₂ per minute at 25 °C. Enzyme 
activity (U/mL) was calculated from linear change 
in absorbance using molar extinction coefficient 
of purpurogallin using Eq. (1). All measurements 
were performed in triplicate, and results are pre-
sented as mean values.

	 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ( 𝑈𝑈
𝑚𝑚𝑚𝑚) =

(𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ) × 𝐴𝐴𝐴𝐴 × 𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸 ×∈420  

[Pedrajas et al., 2020] 

 

 

𝐼𝐼𝐼𝐼 % =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
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[Hatakka, 1994] 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1
1 + exp (𝐾𝐾𝑁𝑁𝑜𝑜

𝑍𝑍
𝑈𝑈 − 𝐾𝐾𝐶𝐶𝑜𝑜𝑡𝑡)

 

 

( 𝐶𝐶
𝐶𝐶𝑜𝑜

)
𝑛𝑛−1

= 1
1 + 𝐴𝐴 ∙ 𝑒𝑒−𝑟𝑟𝑟𝑟 

	 (1)

where:	dA/dt: absorbency changes every minute 
(min-1), AV: total volume (3.6 millili-
ters), DF: factor of dilution (1), EV: vol-
ume of enzyme (0.3 ml), ∈ 420: At 420 
nm, purpur ogallin absorptivity (4400 
ml·μmol-1cm-1).

Peroxidase was immobilized on qAuartz 
rock (QR) using a covalent binding technique. 
Quartz particles (1 g) were first functionalized 
with 0.5% (v/v) 3-aminopropyltriethoxysilane 
(APTES) by agitation on a mechanical shaker at 
ambient temperature for 4 h. Silanized support 
was then incubated with 2.5% (v/v) glutaralde-
hyde solution at room temperature for 8 h under 
gentle agitation to activate aldehyde groups for 
covalent bonding.

Crude cabbage stem peroxidase (CSP) was 
added at a concentration of 4 mg/mL, and mix-
ture was incubated overnight at 4 °C under static 

conditions to allow enzyme attachment. Immo-
bilized biocatalyst was subsequently washed and 
filtered to remove unbound enzyme. Filtrates 
were retained to determine residual peroxidase 
activity. Immobilization yield (IY%) Eq. (2) was 
calculated to quantify efficiency of enzyme bind-
ing to quartz support.
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Influence of pH on activity of immobilized 
peroxidase was evaluated using phosphate and ac-
etate buffers in range of 4.0–9.0, adjusted in 0.5-
unit increments. Immobilized biocatalysts were 
incubated in respective buffer solutions for 30 min 
at room temperature prior to activity measurement. 
Relative enzyme activity was determined to iden-
tify optimal pH for catalytic performance.

Temperature stability of immobilized en-
zyme was assessed by incubating biocatalyst at 
temperatures ranging from 25 to 80 °C for 30 
min [Boudrant et al., 2020]. Enzyme activity 
was measured after incubation, and results were 
expressed as relative activity (RA) compared to 
maximum observed. Quartz-immobilized per-
oxidase retained high activity within 25–40 °C, 
while a gradual decline in activity was observed 
at higher temperatures.

RESULTS AND DISCUSSION 

Peroxidase purification procedure from legs 
of cabbage plants was carried out using gel fil-
tration chromatography, as shown in Table 2. 
When peroxidase is extracted from cabbage 

Figure 1. Particles of quartz rock (0.85–1.0 mm)
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legs, a brown coloring occurs because legs con-
tain a considerable amount of polyphenols. To 
produce a consistent enzyme product, purifica-
tion procedure used Sephadex G150 gel filtra-
tion chromatography and ultrafiltration con-
centration. Significant peroxidase activity was 
shown in tubes 11–28, which were then used 
in further purification studies, as shown in Fig. 
2. With a 2.14 purification factor in crude ex-
tract, application of this approach resulted in a 
notable increase in activity, which, as shown, 
produced a 39% yield. Results of gel filtration 
show a single band with a molecular weight of 
55,000 Daltons; peroxidases in question have 
molecular weights between 30,000 and 60,000, 
which is similar to that of horseradish, artichoke 
leaves, and other dietary sources. Daltons [Car-
dinali et al., 2007].

Influence of pH on immobilized enzyme

pH alteration has an impact on biocatalyst 
action of enzymes due to modification of ionic 
properties within enzyme, which subsequently 
affects formation of active site. At an industrial 
level, estimation of impact pH on immobilized 
enzymes required careful consideration of their 
potential application [Timothy et al., 2023].

Peroxidase enzyme was homogenized using 
mortar with potassium phosphate buffer PH 6.5 
at concentration 0.2 M and 1:5 (w: v) ratio at 
time of extract ( 30) min. to estimate activity, 
protein content and specific activity of enzyme 
at same procedure [Aziz et al., 2018]. Experi-
ment implicated affecting pH of buffer solutions 
within range of 4.0 to 9.0, with an increase of 
half a pH unit.

Impact of pH on relative activity (RA) of im-
mobilized (CSP) was exhibited in Figure 3 which 
observed that at pH 6, there is a significant in-
crease in activity for all supports. However, in 
both acidic and basic regions, a decrease in activ-
ity is noticed. This is explained by ionic interac-
tion between CSP and buffer’s H+ or OH– ions, 
which in turn influences enzyme microenviron-
ment [Ladole et al., 2020]. Decline in stability 
and activity at both high and low pH levels may 
be due to ionic variation in hem group. On other 
hand, redox potential falls with increasing pH, 
making substrate more susceptible to peroxidase 
oxidation. [Leon et al., 2002]. According to a 
prior study, peroxidase enzyme from green gram 
roots (Vigna radiata) showed best pH stability in 
the range of 5 to 7 [Basha and Prasada, 2017]. Ac-
cording [Matto et al., 2009], immobilized gourd 
peroxidase preparations had pH optima of pH 5, 

Table 2. Purification parameters for CSP
Purification

foldYield (%)Total
activities (U)

Specific
activity (U/mg)Activity (U/ml)Protein conc. 

(mg/ml)Volume (ml)Steps

1100497700114449774.35100Crude

1.3341204288151672964.8128Concentration by 
sucrose

2.1439194810244842351.7346Sephadex G‒150
gel filtration

Figure 2. Elution profile for cabbage stems using gel filtration chromatography 
(20 ml/h flow rate, phosphate buffer 0.2 M at pH 6.5)
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which was same as that of their soluble counter-
parts. When compared to other investigations, pH 
5.5 produced highest peroxidase enzyme activity 
[Miranda et al., 2018].

Influence of temperature on immobilized 
enzyme 

Impact of temperature on performance of im-
mobilized (CSP) was assessed within a tempera-
ture domain from 25–80 °C, with each experi-
ment lasting for a duration of 30 min. Findings 
were presented in relation to RA values immobi-
lized (CSP), using mortar with potassium phos-
phate buffer PH 6.5 at concentration 0.2 M and 
1:5 (w:v) ratio at time of extract 30 min. Peroxi-
dase enzyme exhibits stability when immobilized 
using Quartz as support materials, across a tem-
perature range of 25–40 °C, while maintaining its 
relative activity. Subsequently, enzyme exhibited 
decline in its enzymatic activity.

Results presented in Figure 4 indicate that 
optimum temperature was found to be 40 °C. 
Following that, high temperature causes enzyme 
molecules to become thermally denaturated, los-
ing their active sites to catalyze substrate mol-
ecules. This causes enzyme’s efficacy to rapidly 
decline until it reaches 80 °C. It is crucial to 
recognize that strong bond that forms between 
enzyme and activated support might cause con-
formational changes in biocatalyst. Immobilized 
peroxidase (CSP) with (QR) exhibited a retention 
of 45% of its enzymatic action when exposed to 
a temperature of 80 °C. This result is consistent 
with findings for immobilized (CSP) on different 
supports, red radish peroxidase enzyme extrac-
tion was demonstrated at 35°C in earlier research. 
[Diao et al., 2018]. On other hand, residual activ-
ity was measured through incubation at pH 6 at 

various temperature values extending from 20‒80 
°C to consider (CSP) thermal stability, which has 
noted a rise in temperature after immobilizing 
HRP with activated wool [Vishwasrao and An-
anthanarayan, 2018]. Heat’s effect on active site 
structure was blamed for denaturation and a de-
crease in enzyme activity.

Influence of metal salts

As illustrated in Figure 5, presence of metal 
salts at a concentration of 5 mM (in a 1:1 (v/v) 
ratio) impacts effectiveness of the peroxidase en-
zyme when it is incubated for 30 minutes and kept 
at 40 °C. Bioactivity of peroxidase was enhanced 
by presence of FeSO4 and ZnCl2 ions, resulting 
in 150% and 115% higher activities, respectively. 
However, enzyme activity was reduced by 20, 
50%, and 53%, respectively, when HgCl2, AgNO3, 
and CuCl2 ions were present. Residual activity of 
cabbage peroxidase did not significantly change 
for MgSO4 and AlCl3 ions, remaining at 90% and 
91%, respectively. Different metallic ions affect 
enzymes differently, which provides information 
about inhibition or activation, in line with previ-
ously published research [Asadullah et al., 2022]. 
Iron and zinc are examples of heavy metal ions 
that increase peroxidase effectiveness, possibly by 
strengthening presence of iron (III) atoms (Fe3+) 
near active site of enzyme [Munir et al., 2023] and 
these findings concur with earlier studies that show 
Fe3+ activates pure peroxidase activity [Al-Senaidy 
and Ismael, 2011]. Mercury and silver quickly 
react with thiol (SH) and amine (NH) groups in 
enzyme’s active site, causing irreversible inactiva-
tion, as well as with carboxyl groups (COO) at or 
close to active site, preventing contact, in imidaz-
ole ring of histidine. Results of this investigation 
are consistent with those of [Altın et al., 2017].

Figure 3. Impact of pH on immobilized biocatalysts by quartz rock
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Reusability of enzyme

Reutilization of immobilized enzymes is nec-
essary due to significant expense associated with 
soluble enzymes. Decrease in activity that is ob-
served upon repeated use can potentially be as-
cribed to inhibition of enzyme activity resulting 
from leaching of enzymes during repetitive wash-
ing procedure, as well as damage inflicted upon 
supports [Maryam et al., 2022]. 

Immobilized (CSP) preparation was sub-
jected to extraction and rinsing using a 0.2 M 
phosphate buffer solution with a pH of 6. Initial 
activity measurement was designated as control 
(100%) for subsequent calculation of remaining 
percentage activity after each subsequent use [Ali 
and Husain, 2018]. Reusability cycles are depict-
ed in Figure 6, cabbage stems peroxidase, which 
was immobilized in (QR) by (CBT), exhibited 
maintenance of 85% in terms of initial activity, 
during a double cycle. However, in fourth cycle, 
remaining action decreased to 37%, 

In a previous study, for immobilized soybean 
peroxidase reuse was done for four cycles, where 
removal efficiency was reduced to half original 
efficiency [Chagas et al., 2015]. In another previ-
ous study, reutilization experiments demonstrated 
that more than 40% of original activity of immo-
bilized HRP could be retained after seven recy-
cling cycles [Bilal et al., 2016].

Scanning electron microscopy

Scanning electron microscopy (SEM) was 
used to examine solid support (quartz rocks) 
samples. Surface morphology of original, al-
tered, and immobilized particles was examined 
using SEM (Fessem Tescan Mira 3, French). 
Solid support samples were subjected to ex-
amination, and resulting images were analyzed. 
With an accelerating voltage of 15 kilovolts, 
microscope was used. Onto samples, a coating 
with a thickness of 2 μm was sprayed. First im-
mobilized support was dried and vacuum-coated 

Figure 4. Impact of temperature on immobilized biocatalysts by quartz rock

Figure 5. Effects of metal ions on enzyme activity
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with nanogold to improve electrical conductiv-
ity before scanning. SEM images revealed mor-
phological changes and increased surface rough-
ness after immobilization, suggesting successful 
enzyme attachment to quartz surface. Immobi-
lization yield (IY = 82 ± 0.41%) confirmed this 
result, as shown in Figure 7.

Energy dispersive spectrometer

Energy dispersive spectrometer (EDS) instru-
ment is extensively employed for microscopic 
analysis in various fields. Microchemical analy-
sis for (QR) support was conducted by utilization 
of energy-dispersive χ-ray spectroscopy EDS in 
combination with scanning electron microscopy 
SEM is employed. EDS was employed to analyze 
alterations in support characteristics before and 
after immobilization. Figure 8 (A, B) illustrates 
various EDS techniques. Findings indicated that 

there was an approximate 16 wt% decrease in 
weight of element Si, followed by a 8 wt% in-
crease in weight of element O, and element C de-
creased about 8 wt% in region of initial support 
when compared to quartz after immobilization, 
which confirmed successful immobilization as 
listed in Table 3. 

Furthermore, EDS showed that elements Na, 
Mg, K, and Fe were absent from original supports, 
but they were discovered following enzyme’s im-
mobilization, confirming presence of peroxidase 
on supports and indicating a successful immobili-
zation process [Wang et al., 2015].

Fourier transform infrared analysis

Function group analysis was performed with 
Fourier transform infrared analysis (FTIR) spec-
troscopic over range from 500–4000 cm-1, using 

Figure 6. Reusability cycles of immobilized (CSP) enzyme

Figure 7. SEM images supports/immobilized biocatalysts before and after immobilized (A, B)
QR support respectively
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an instrument supplied by Perkin Elmer spectro-
photometer, England.

FTIR analysis shows in Figure 9 illustrate per-
oxidase enzyme before and after decolorization of 
RR120 pollutant. It can be seen that some func-
tional group peaks are responsible for sorption. 
FTIR spectra of immobilization of crude peroxi-
dase enzyme was in a range of 500–4000 cm-1 to 
find functional groups are potential for sorption 
procedures, that shows a number of sorption peaks, 
indicating composition nature of matter analyzed. 
FTIR spectrum depending on bio sorbent were as-
signed to different groups, and various bonds, ac-
cording to private waves numbers at cm⁻¹.

Broad intense absorption peaks at differences 
in waves 3632, and 3430 cm−1 are indicative of 
presence of (O-H) hydroxyl strength vibration. 
Peaks differences in waves are because of (O-H) 
vibration, while peak of 2857 cm⁻¹ is indicative 
of presence of alkyne groups (C-H). (C-O) group 
vibration can be used to identify peak values of 
1340, and 1150 cm-1.

Peaks at 1770 cm⁻¹, are indicative of pres-
ence of strong intensity of (C=O) carbonyl group. 
Functional carbonyl and hydroxyl groups can de-
termine degradation processes [Chen et al., 2021]. 

Absorption peaks at 554 cm -1 represent Si-OH 
group, while a band at 720, 860 cm -1 represents 
Si-O-Si group as illustrated in Figure 6. Decrease 
in different functional groups on support after im-
mobilization and after completing degradation of 
pollutants indicates that enzyme entered process 
of breaking down pollutants and exited maintain-
ing its structure [Brányik et al., 2004].

Column experiments for removal dye were 
done to test activity of peroxidase enzyme at cer-
tain conditions (pollutant concentration, flow rate, 
packed height) depending on efficiency of pollut-
ant removal as an indicator. Column were made 
from Perspex cylinders 0.4 m long and 3 cm in 
diameter, and samples were collected from port at 
5, 10, and 15 cm, and supplied with plastic valves. 
Immobilized peroxidase particle were packed into 
column, with use of optimal parameters obtained 
for decolorization, pollutant solution was gradu-
ally pumped out, fed from bottom of column filled 
with peroxidase enzyme individually using peri-
staltic pump with steady state flow rate 0.5, 1, and 
1.5 ml/min. flow of pollutant solution will push 
air upwards and will prohibit presence of air be-
tween immobilized peroxides particles, samples 
were taken from a glass bottle filled with pollutant 

Table 3. EDS weight percent for three types of support before and after immobilized

Before immobilization

QR support

Ca (W%)S (W%)Si (W%)O (W%)C (W%)

-10.9748.8127.7112.96

After immobilization

Ca (W%)S (W%)Si (W%)O (W%)C (W%)

10.1012.2232.1135.324.49

Figure 8. EDS spectrum photographs of supports (A, B) QR before and after immobilized enzyme



468

Ecological Engineering & Environmental Technology 2026, 27(3), 460–476

water. Experiment persisted until concentration 
of treated solution equaled feedconcentration. A 
schematic represented experimental equipment 
is shown in Figures 10, and 11. All experimental 
conditions are summarized in Table 4.

Effect of bed height

At a concentration of 10 mg/l, flow rate 0.5 
ml/min effect of bed height at port 1 (5 cm), port 2 
(10 cm), and port 3 (15 cm) were examined to find 
percentage of degradation of pollutants. Figure 
12 RR120 prove that there might be a noticeable 
delay in development of curve due to increased 
amount of biosorbent material packed in column. 
This means that higher depth can prepare a suit-
able duration for molecules diffuse within voids 
of biosorbent grains and this can increase biodeg-
radation of pollutant. These figures show typical 
S-shape graphs “known as breakthrough curves” 
where both breakthrough time and collected ef-
fluent increased with increasing bed depth. By 
changing bed depth from 5 cm (port 1) to 15 cm 
(port 3), “breakthrough time” can noticeably in-
crease. For example, RR120 pollutant time of 
degradation increased from 2 to 6 h at a percent-
age of 98% with increase in bed depth from 5 cm 
to 15 cm as shown in Figure 12.

It is important to note that increasing bed 
depth will decrease bed’s capacity to degrade for 

a given intake concentration since pollutant may 
be dispersed over a larger surface area at a deeper 
depth [Qili et al., 2021]. Time required to attain 
exhaustion of biosorbent is known as exhaust 
time. Because there are more active sites for oxi-
dation at higher bed heights, this time increases. 
Current findings were consistent with those docu-
mented in earlier research [Teba and Ayad, 2023; 
Arunachalam et al., 2021; Natália et al., 2020]. 

Effect of inlet concentration 

Influence of different concentrations of adopt-
ed pollutant (10, 25, 50) mg/l through bed height 
of 15 cm and discharge 0.5 mL/min was investi-
gated for ports 1, 2, and 3. Results indicated that 
low concentrations achieve higher decolorization 
efficiency due to decrease in pollutant molecules 
and due to complete saturation of enzyme with 
dye at higher concentrations as presented in Fig. 
13. Many researchers also reported decreased in 
degradation at higher pollutant concentrations 
[Christelle et al., 2023; Khaled et al.,2022].

Effect of flowrate 

Effect of water flow rate on oxidation of pol-
lutants onto immobilized enzymes was monitored 
by applying three rate values; 0.5, 1 and 1.5 ml/
min. As plotted in Figure 14, was based on Co 10 
mg/l and a bed height 15 cm. Results show that 
RR120 achieve complete decolonization till 6 h 
then reduce to 98%. 

Decolonization percentage decreased as flow 
rate increased to 1 and 1.5 ml/min. This suggests 
that in a packed-bed reactor, decreasing flow ve-
locity lengthens time that enzyme and dye are 
in contact. Increase in discharge can be accom-
panied by reduction in breakthrough time. Thus, 
increasing flow velocity can reduce adhesion time 

Figure 9. FTIR spectra results of: (A) raw QR, (B) QR with enzyme

Table 4. Packed bed experimental conditions

Parameter Value

Flow rate (ml/min) 0.5,1,1.5

Packed height (cm) 5, 10, 15

Concentration (mg/l) 10, 25, 50

Temperature (°C ) 40

pH 6
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Figure 10. Schematic diagram of packed bed reactor

Figure 11. Laboratory system of packed-bed reactor

Figure 12. Measured breakthrough curves for different bed high at flowrate of 0.5 mL/min, C 10 mg/l
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between solute and catalyst particles and this 
leads to an obvious reduction in removal percent-
age [Aaron and Runping, 2022]. Present results 
were in agreement with those reported in previ-
ous studies [Suppanat et al., 2025; Sikha et al., 
2025; Omdehghiasi et al., 2024]. 

Modelling of breakthrough curves

In this study, Bohart-Adams and Clark mod-
els were employed to analyze breakthrough be-
havior of textile dye bio-oxidation in a continu-
ous packed-bed reactor containing peroxidase 
enzyme immobilized on quartz particles. These 
models were selected because they are well es-
tablished for describing mass transfer and reac-
tion kinetics in fixed-bed systems and enable 
quantitative evaluation of column performance. 
Bohart-Adams model was used to describe initial 

breakthrough region, where dye removal is pri-
marily governed by availability of active enzyme 
sites and external mass transfer, allowing estima-
tion of kinetic rate constant and maximum bed 
capacity [Qili et al., 2024]. In contrast, Clark 
model, which incorporates saturation-type kinet-
ics, was applied to represent entire breakthrough 
curve and more accurately capture enzyme-con-
trolled oxidation and gradual loss of catalytic 
activity over time [Aguirre et al., 2023]. Fitting 
these models to experimental data provides in-
sight into governing mechanisms of dye bio-oxi-
dation, validates experimental results, and offers 
essential parameters for predicting reactor per-
formance and scaling up continuous treatment 
system [Khim et al., 2023].

Breakthrough curves measured along immo-
bilized peroxidase enzyme on quartz particles 
in packed bed at different discharges and inlet 

Figure 13. Measured breakthrough curves for different inlet concentrations of RR120 at flowrate
of 0.5 mL/min, H 15 cm

Figure 14. Measured breakthrough curves for different flowrate of RR120 at flowrate at H 15, C 10 mg/l
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concentrations for depths ranging from 5 to 15 
cm are formulated by number of familiar models 
as plotted in Figures 10. Models are represented 
by Bohart-Adams and Clark models expressions 

which simulated trends of curves at ports 1, 2, 
and 3. Solver option in Microsoft Excel 2016 
for nonlinear regression was applied to deter-
mine fit between these models and experimental 

Figure 15. Breakthrough models for fitting measurements of effluent C/Cin for various values of flowrate
and inlet RR120 concentrations at H = 15 cm

Table 5. Results for using adopted models to fit measured RR120 breakthrough curves at H = 15 cm for various 
inlet concentrations and a flowrate of 0.5 mL/min

Model Parameter
H=15 cm

10 25 50

Bohart-Adams

KCo 0.232 0.202 0.379

KNoZ/U 3.333 3.526 0.206

R2 0.989 0.990 0.987

SSE 0.054 0.988 0.987

Clark

A 2.668 10.013 5.857

r 0.202 0.301 0.249

n 1.934 3.365 2.633

R2 0.993 0.990 0.987

SSE 0.037 0.059 0.073

Table 6. Results of fitting measured RR120 breakthrough curves using models that were used at H = 15 cm for 
various flow rates and an inlet concentration of 10 mg/L

Model Parameter
H=15 cm

0.5 1 1.5

Bohart-Adams

KCo 0.232 0.206 0.206

KNoZ/U 3.333 3.525 3.525

R2 0.989 0.992 0.978

SSE 0.054 0.052 0.336

Clark

A 2.668 5.209 5.810

r 0.202 0.244 0.243

n 1.934 2.542 2.542

R2 0.993 0.992 0.972

SSE 0.037 0.049 0.342
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measurements. Outputs of fitting process includ-
ed parameters of models and statistical measures 
for goodness of matching between measured and 
predicted values of C/Cin have been listed in Ta-
bles 5 and 6. It is clear than Bohart-Adams, and 
Clark models accurately describe experimental 
measurements with R2 > 0.993 and SSE < 0.998.

Bohart-Adams model

Adams-Bohart model is a classical break-
through curve model used to describe adsorption 
of a solute from a fluid (often water or air) onto 
a solid adsorbent in a fixed-bed column, and is 
mainly applied to initial part of breakthrough 
curve, where external mass transfer resistance is 
dominant [Bringas et al., 2023]:

	

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ( 𝑈𝑈
𝑚𝑚𝑚𝑚) =

(𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ) × 𝐴𝐴𝐴𝐴 × 𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸 ×∈420  

[Pedrajas et al., 2020] 

 

 

𝐼𝐼𝐼𝐼 % =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶 
 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 100% 

[Hatakka, 1994] 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1
1 + exp (𝐾𝐾𝑁𝑁𝑜𝑜

𝑍𝑍
𝑈𝑈 − 𝐾𝐾𝐶𝐶𝑜𝑜𝑡𝑡)

 

 

( 𝐶𝐶
𝐶𝐶𝑜𝑜

)
𝑛𝑛−1

= 1
1 + 𝐴𝐴 ∙ 𝑒𝑒−𝑟𝑟𝑟𝑟 

	 (3)

where:	N0 is solute content at saturation level 
(mg/L), Z is bed depth (cm), t is elapsed 
time (min), U is flow rate (cm/min), and K 
is kinetic constant (L/g/min).

Clark model

Teba and Ayad (2024) established a break-
through curve simulation suitable for column. 
Freundlich isotherm and mass-transfer concept 
were utilized in this created model to portray 
relationship for breakthrough curve as follow 
[Madan et al., 2019]:

	

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ( 𝑈𝑈
𝑚𝑚𝑚𝑚) =

(𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ) × 𝐴𝐴𝐴𝐴 × 𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸 ×∈420  

[Pedrajas et al., 2020] 

 

 

𝐼𝐼𝐼𝐼 % =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶 
 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 100% 

[Hatakka, 1994] 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1
1 + exp (𝐾𝐾𝑁𝑁𝑜𝑜

𝑍𝑍
𝑈𝑈 − 𝐾𝐾𝐶𝐶𝑜𝑜𝑡𝑡)

 

 

( 𝐶𝐶
𝐶𝐶𝑜𝑜

)
𝑛𝑛−1

= 1
1 + 𝐴𝐴 ∙ 𝑒𝑒−𝑟𝑟𝑟𝑟 	 (4)

where:	n is Freundlich model’s exponent as well 
as, r and A are constants from kinetic 
formula.

CONCLUSIONS

A practical and sustainable approach was 
achieved through utilization of low-cost resources 
and implementation of efficient methods, result-
ing in an environmentally safe and economically 
viable process for enzyme recovery. Peroxidase 
bioenzyme has been extracted, purified, and bio-
chemically examined from cabbage stems waste 
in this study. peroxidase enzyme immobilized on 
QR support. This method was used as best method 

of immobilization because it preserves stability of 
enzyme and its internal structure and prevents it 
from leaking. CSP has thermostability, high relative 
activity, and stability throughout an extensive pH 
range. pH 6.0 was illustrated to be optimal range for 
all immobilized biocatalysts. Concerning biocata-
lyst optimum temperature, outcome of increased 
temperature for biocatalyst with all support remains 
at same value 40 °C as optimum temperature of 
bioenzyme, when temperature reached 80 °C, QR 
support maintained approximately 45% of origi-
nal enzyme efficiency, which is highest remaining 
percentage of enzyme efficiency. Regarding of re-
use, immobilized enzyme on QR exhibited a main-
tenance of 85%, in terms of initial activity during 
double cycle. SEM was utilized to analyze surface 
morphology of initial, and immobilized particles. 

Notably, distinct alterations on particle surface 
were observed. EDS was employed to analyze al-
terations of elements on supports before and after 
immobilization. Optimal flow rate, bed height, and 
dye inflow concentration were determined by tests 
in immobilized catalyzed packed bed reactors to 
find best conditions for pollutant degradation. Re-
sults showed that these parameters were 0.5 ml/
min, 15 cm and 10 mg/L respectively. Removal 
efficiency in continuous mode increased with in-
crease bed height, while decrease with increasing 
flow rate and pollutant concentration. Findings 
demonstrated potential of utilizing crude enzyme 
directly, eliminating necessity for costly and time-
consuming purification processes. Study is an in-
troduction to developing enzyme-immobilized 
technology, its widespread use in treating chemical 
industrial pollutants, and many chemical processes 
in which enzymes play an important role.

Long breakthrough period under continuous 
flow suggests that enzyme-immobilized adsor-
bent maintains high dye uptake efficiency with 
slow saturation at lower influent concentrations 
– which may outperform conventional adsorbents 
in low-strength effluent polishing applications. 
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